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14 Abstract
15 Palaeofloods in the Whanganui River, North Island, New Zealand are investigated using floodplain 
16 sedimentary archives at two locations in the lower Whanganui catchment. The ca. AD 232 Taupo 
17 volcanic eruption transformed the lower valley of the Whanganui River, emplacing a substantial 
18 volume of volcanogenic mass flow material and providing a new starting point for subsequent 
19 alluvial sedimentation. At Atene a high–resolution archive of flood sediments is preserved in a valley 
20 meander cutoff in the lower reaches of the Whanganui Gorge, where  a ~9 m core was extracted. At 
21 Crowley House further down valley, two ~5 m cores were also extracted from a terrace-confined 
22 floodplain. Organic material from these cores allows the timing of floods at these sites to be 
23 constrained using 11 radiocarbon dates (ten from Atene, one from Crowley House). Flood 
24 magnitudes are reconstructed using XRF core-scanned geochemistry as a proxy for flood unit grain 
25 size. An age-depth model at Atene identifies three distinct phases of sedimentation with above 
26 average flood activity recorded at 1450-1125, 950, 650-500, and 400-325 cal. yr BP, which can be 
27 linked to the El Niño Southern Oscillation (ENSO) and strengthening of the Southern Hemisphere 
28 Westerly Wind circulation. Large floods also cluster in the late 1800s, reflecting a combination of 
29 enhanced storminess and land cover change, which also resulted in deeper erosion of regolith in the 
30 catchment, revealed by cosmogenic analysis at Crowley House. Climatic and non-climatic drivers are 
231 responsible for floods in the Whanganui catchment over the past ~2000 years, with the largest 
32 floods occurring during La Niña and positive Southern Annular Mode conditions. The timing of the 
33 largest single flood in the Whanganui in this period is consistent with the volcanic-resetting event 
34 itself of AD 232. This study demonstrates the close relationship between regional climate variability 
35 in the south-western Pacific Ocean and the occurrence of extreme floods in New Zealand, and the 
36 importance of using multi-centennial length hydrological series for effective flood risk assessment.   
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42
343 1. Introduction
44 High resolution multi-centennial and millennial flood records have been successfully reconstructed 
45 from alluvial archives (Jones et al., 2012, Toonen et al., 2015; Fuller et al., 2018). Palaeoflood data 
46 can be incorporated into flood-frequency analysis (Longfield et al., 2018) and allows extension of 
47 flood series. This improves flood-risk assessment as gauged flood records are generally short, rarely 
48 exceeding a century (Wilhelm et al., 2018a). In New Zealand at the turn of the 21st century, gauged 
49 records rarely exceed 50 years (McKerchar and Henderson, 2003). The probability of gauged records 
50 capturing low frequency, high magnitude floods is therefore low, which in turn limits our 
51 understanding of their causes (Wilhelm et al., 2018b). Yet it is these rare-low frequency flood events 
52 that pose the greatest risk to human life and infrastructure, because society is under-prepared for 
53 them (see Dettinger, 2011).
54 The occurrence of floods exhibits marked variability over time in response to changing synoptic and 
55 atmospheric circulation regimes (McKerchar and Henderson, 2003; Dettinger, 2011; Macklin et al. 
56 2012), including the El Niño Southern Oscillation (ENSO), e.g. Ely et al. (1993), Kiem et al. (2003), 
57 Ward et al. (2014), Munoz and Dee (2017); and North Atlantic Oscillation (NAO), e.g. Macklin and 
58 Rumsby (2007), Wilhelm et al. (2012), Schulte et al. (2015), Foulds and Macklin (2016). Predicted 
59 climate warming is likely to change future flood magnitude and frequency as the hydrological cycle 
60 intensifies (Knox, 2000, Hirabayashi et al., 2013; Kundzewicz et al., 2014; Blöschl et al., 2017). Hence, 
61 there is a need to better understand relationships between climate and flooding in light of the 
62 changing timing, magnitude and frequency of floods (Wilhelm et al., 2018a). This understanding 
63 requires longer flood series, which can be compared with other hydroclimatic records, and in turn 
64 used to identify underlying climatic and anthropogenic forcing (Toonen et al. 2017; Munoz et al., 
65 2018). 
66 In comparison with middle latitude regions of the Northern Hemisphere, we understand less of 
67 regional climate controls of flooding in the temperate latitudes of the Southern Hemisphere.  
68 Particularly complex are the hydroclimatic teleconnections between ENSO and the Southern Annular 
69 Mode (SAM) (also known as the Antarctic Oscillation) that drive the strength and trajectories of the 
70 Southern Hemisphere Westerly Winds (SHWW) (Xia et al., 2018). The location and strength of the 
71 SHWW is critical for moisture delivery from the Southern Ocean to temperate land masses in the 
72 Southern Hemisphere (Moreno et al., 2018), and is therefore likely to play a key role in flood 
73 magnitude and frequency variability. Richardson et al. (2013) concluded from a national-scale meta-
74 analysis of more than 400 14C dated flood units that centennial-scale variability in Holocene river 
75 activity in New Zealand was driven by a combination of SAM-like and ENSO-like synoptic patterns, 
476 with stronger SHWW in a more zonal circulation attributed to El Niño- and negative SAM-like 
77 conditions favouring enhanced river activity in the South Island. In contrast, weakening of the 
78 SHWW and a more meridional circulation attributed to La Niña- and positive SAM-like conditions 
79 appeared to enhance North Island river activity. Although Richardson et al. (2013) where able to 
80 identify multi-centennial length flood rich and poor phases in both North and South Island, they 
81 were not able to assign estimates of flood magnitude to individual events.    Nevertheless, 
82 Ummenhofer and England (2007) have demonstrated that variability in precipitation across New 
83 Zealand is modulated by ENSO and SAM at an interannual timescale and these climate modes are 
84 therefore likely to drive not only large-scale river activity, but also discrete episodes of extreme 
85 flooding. 
86
87 To better understand the relationship between flooding and short and long term climate change in 
88 New Zealand requires both a long as well as high resolution record of extreme hydrological events. 
89 Our recent work in the Manawatu catchment showed promise in this regard, reporting a ~3000-year 
90 record of flooding from a series of infilled palaeochannels in the lower Manawatu floodplain (Fuller 
91 et al., 2018). However, linking that flood archive with climate proxy records proved difficult because 
92 of limited dating control. In this paper we turn our attention to the Whanganui River, located ~50 km 
93 to the northwest of the Manawatu (Figure 1a) in an effort to recover an event scale record of 
94 flooding over the last 2000 years.
95
96 2. Regional setting
97 2.1 Catchment characteristics
98 The 7380 km2 Whanganui River catchment offers potential for the formation and preservation of 
99 high resolution palaeoflood archives because its geology is largely weakly lithified sandstone, 
100 siltstone and mudstone of the Wanganui Basin, a major structural depression that accumulated up 
101 to 4000 m of marine sediment above the greywacke basement during the Plio-Pleistocene (Soons 
102 and Selby, 1992). River entrenchment of these soft mudstone lithologies in response to Late 
103 Quaternary uplift rates of around 0.3 - 0.6 m ka-1 (Pillans, 1990) in the lower and middle catchment 
104 has produced a narrow confined valley and gorge (cf. Figure 1). Large, deep-seated slope failures are 
105 common in similar mudstone terrain in the North Island (cf. Dellow et al., 2005; Massey et al., 2013; 
106 McColl and McCabe 2016) and over 100 deep-seated prehistoric landslides have been mapped in 
107 south-eastern Taranaki, which includes the western Whanganui catchment (Crozier and Pillans, 
5108 1991).    The Whanganui catchment is also prone to large earthquakes, with the largest since 
109 European colonisation estimated at Mw 7.5 in July 1843 (Eiby, 1968). This earthquake, together with 
110 an earlier Mw 6-7 in 1838 produced an unquantified number of very large landslides in the 
111 Whanganui catchment (Crozier and Pillans, 1991). The combination of narrow valleys, landslide-
112 prone terrain and earthquakes brings with it the potential for landslide damming of the main river 
113 and its tributaries (Watson, pers. comm. 2017).  Erosion of soft-rock hill country generates high 
114 suspended sediment loads, the modern suspended sediment yield of the Whanganui River is 4.7 Mt 
115 yr-1 (Hicks et al., 2011). Gravels in the river are derived from more indurated volcanics in the north-
116 east of the catchment where the river drains the central plateau of the Taupo Volcanic Zone. 
117 Located in the eastern headwaters of the catchment is Mt. Ruapehu (cf. Figure 1), which has a crater 
118 lake at its summit from which (historically small) lahars have been generated and fed into the 
119 Whanganui during eruption episodes. Tost and Cronin (2016) highlight that much larger scale 
120 volcanic mass flows from Ruapehu edifice collapse have inundated the upper Whanganui during the 
121 Late Pleistocene. 
122
123  Figure 1
124
125 The Taupo eruption, ca. AD 232 ± 5 (AD 224-240 2σ calendar date range, 1718 ± 5 cal. yr BP) (Hogg et 
126 al., 2012), emplaced ignimbrite in the eastern Whanganui River basin, impacting ca. 43% of the 
127 catchment (cf. Figure 1b) (Manville et al., 2009). This material was rapidly reworked by runoff and 
128 channelised flow and deposited in the lower Whanganui valley forming the ‘Taupo Pumice Alluvium’ 
129 that underlies late Holocene and historical fluvial deposits in the region (Manville et al., 2009). The 
130 emplacement of mass flow deposits immediately following the Taupo eruption reset the lower 
131 Whanganui valley floor by obliterating older alluvial deposits and landforms so the flood 
132 sedimentary archive only covers the last 1800 years.
133
134 2.2 Whanganui flood records
135 Gauged since 1957 at Te Rewa (Figure 1b, catchment area 6643 km2), the mean flow of the 
136 Whanganui River is 221 m3s-1, and the mean annual flood calculated at 2230 m3s-1, with a coefficient 
137 of variation (measure of flow variability by dividing standard deviation of instantaneous flows by 
138 mean flow) of 1.2 (Manville et al., 2009). In June 2015 the largest recorded flood in the ~60 year 
139 record to date in the Whanganui River was gauged at Te Rewa (Figure 1b), measuring 4755 m3s-1. 
6140 The June flood event was estimated to have an annual return period of 85 years based on a flood 
141 frequency analysis of the 59 annual maxima from 1957 to 2015 (inclusive), with a censored 
142 assessment including 12 historical peaks dating back to 1858 (Blackwood & Bell, 2016) (cf. Figure 2). 
143 The three earliest floods documented in this series have all been assigned the same value; these are 
144 estimated flood volumes based on flood height in Whanganui City, which is subject to tidal ponding.
145
146 Figure 2
147
148 2.3 Climate drivers of flooding
149 Multiple climate drivers are responsible for contemporary and historical episodes of flooding in New 
150 Zealand and these vary on a seasonal, annual and decadal basis. Griffiths (2011) has discussed the 
151 role of ENSO, SAM and the Indian Ocean Dipole (IOD) in affecting extreme daily rainfalls and flood 
152 generation in New Zealand. During El Niño, enhanced westerly winds tend to increase summertime 
153 precipitation in the west especially; during La Niña more northeasterly winds occur, increasing 
154 rainfall across New Zealand especially in winter; positive SAM brings wetter conditions to the north 
155 and east North Island, negative SAM conversely induces wetness in the south and west; a positive 
156 Indian Ocean Dipole weakens storm-tracks reducing precipitation across New Zealand (Griffiths, 
157 2011). Jiang et al. (2013) assessed the interactions between ENSO, SAM and the Interdecadal Pacific 
158 Oscillation (IPO). IPO operates in positive and negative phases, with positive phases associated with 
159 strengthened westerly circulation. Jiang et al. (2013) concluded that ENSO, SAM and IPO influence 
160 New Zealand climate by modulating the frequencies and intensity of synoptic systems, and argue 
161 that in this regard ENSO and SAM appear to be more significant than IPO.  In the Whanganui River 
162 catchment, Qiao (2012) found that rainfall and streamflow reduced in 1981 and 1998 during intense 
163 El Niños, but an increased frequency of high rainfall events in 1988 and 1994/1995 occurred during 
164 pronounced La Niña events. The relationship between river flow and SAM has more recently been 
165 explored by Li and McGregor (2017), finding an association between enhanced river flows in central 
166 and western North Island catchments (including Waikato and Whanganui) with negative SAM, during 
167 which the Whanganui catchment receives anomalously strong air flow from the west and associated 
168 moisture advection. This effect was observed most clearly in winter.
169
170 3. Methods
7171 To investigate the palaeoflood history of the lower Whanganui River, sediment cores were retrieved 
172 at three locations using percussion coring. Two ~5 m cores were collected from the infill of 
173 abandoned channels at Crowley House. Crowley House 1 was collected from a palaeochannel within 
174 the present floodplain, Crowley House 2 was collected from a late Holocene terrace, 1 m above the 
175 floodplain (Figure 1d,h). The ~9 m Atene core was collected from the infill of a valley meander cutoff  
176 in the lower Whanganui Valley (Figure 1e,g). Core segments of 1 m were transferred to Massey 
177 University, where they were split along their vertical axis and their sedimentary characteristics 
178 logged. One half of the Crowley House cores was sent to Aberystwyth University (United Kingdom) 
179 for geochemical analysis and grain-size laser diffraction analysis. One half of the Atene cores was 
180 sent to University College Dublin (Ireland) for high-resolution geochemical analysis. Samples for 14C 
181 dating were collected from the core halves that remained at Massey University.  
182
183 3.1 X-ray Fluorescence geochemistry 
184 A portable Niton GOLDD XRF was used to collect elemental data from the Crowley House cores. In 
185 the upper 30 cm of cores a fixed 2 cm measurement interval was used to identify concentrations of 
186 anthropogenic (contaminant metal) pollutants. Below that level, a 5 cm sample interval was used 
187 down to the bottom of the cores at 5 m. The device was set-up to measure element concentrations 
188 (in ppm) for a measurement time of 60 s. The combination of element concentrations and laser 
189 diffraction grain-size information (section 3.2) was used to establish a correlation between bulk 
190 geochemistry and sediment grain size for the lower reaches of the Whanganui catchment. 
191
192 On the Atene core, an XRF Itrax core scanner was used to acquire geochemical data. Element counts 
193 were established using a 30 s measurement time and a 500 μm sample interval was used to produce 
194 a high-resolution record of palaeoflood events (see section 3.4). Invalid measurements (resulting 
195 from cracks and small voids in the cores) and low readings (less than 10,000 counts per second) were 
196 filtered and removed from the data set. Raw counts are affected by variations in water and organic 
197 content, so all measurements were normalised to produce a homogeneous record that reflects 
198 variations in bulk sediment grain sizes (Jones et al., 2012). 
199
200 3.2 Grain-size measurements
201 A Malvern laser diffraction particle sizer was used to measure the grain-size distribution of sediment 
202 samples from the Crowley House cores. A refraction index of 1.7 was used, and a particle absorption 
8203 index of 0.01, based on the siliciclastic geology of the region. A total of 101 samples was collected 
204 from both Crowley House sites: on average every 10 cm. Sample positions respected stratigraphic 
205 units ensuring that samples were equally distributed over the full range of textures present in the 
206 cores. Demineralised water was added to the samples to create a suspension, which was put in an 
207 ultrasonic cleaner device to disperse grains. 300 mg of sodium-pyrophosphate was added to the 
208 samples to prevent flocculation. Volumetric contributions were measured in 24 predefined grain-size 
209 classes, in the range between 0.5 and 2000 μm.    
210
211 3.3 Dating and age-depth modelling 
212 Ten samples containing organic macrofossils were collected from various levels in the Atene core. 
213 One sample of organic material was recovered from near the base of the Crowley House 1 core. All 
214 samples were sent for AMS 14C dating at the Radiocarbon Dating Laboratory of the University of 
215 Waikato. Nine of the Atene samples produced a stratigraphically consistent 14C date (Table 1); 
216 calendar dates were calculated using the SHCal13 atmospheric calibration curve (Hogg et al., 2013). 
217 An Oxcal U-Sequence linear deposition model was used to create an age-depth model (Bronk 
218 Ramsey, 2009). At the depths of 175 cm and 596 cm, levels for change boundaries were added to 
219 the model, corresponding with changes in lithology (section 4.1).  Present ground level was 
220 prescribed an arbitrary age of 0 + 50 cal. yrs BP, based on the assumption that these are tributary 
221 stream deposits from roughly the last century. No recent floods, including the June 2015 event, 
222 could be used as independent time markers in the age-depth model of the upper part of the core, as 
223 gauged floods since 1957 have not inundated the Atene core site (section 4.1.1).
224
225 Table 1. Overview of AMS radiocarbon ages  
Sample Lab Code Site Depth 
(cm)
14C date yrs BP
(+1σ)
Cal. yrs BP
(+2σ)
Material
A1 Wk45259 Atene 215 457 + 15 460-510 Wood
A2* Wk47414 Atene 347 1334 + 16 1180-1270 Peat
A3 Wk47415 Atene 398 1289 + 16 1080-1270 Peat
A4 Wk47416 Atene 443 1302 + 18 1160-1270 Peat
A4a Wk47417 Atene 499 1585 + 18 1370-1520 Peat
9A6a Wk47418 Atene 528 1721 + 19 1530-1620 Peat
A7 Wk47419 Atene 596 1789 + 19 1590-1710 Peat
A9 Wk47420 Atene 699 1839 + 19 1690-1750 Peat
A10a Wk47421 Atene 720 1874 + 16 1710-1830 Peat
A11 Wk45269 Atene 773 1944 + 15 1820-1900 Wood 
Crowley 
1**
Wk43330 Crowley 
House 1
470 1133 + 20 930-1060 Bark fragments
226 *stratigraphically inconsistent and identified by the Oxcal bootstrap procedure as a statistical 
227 outlier: not used in Atene age-depth model.
228 **A single sample was reported from Crowley House, being the only organic material recovered 
229 from this site.
230
231 3.4 Cosmogenic isotope analysis
232 The Crowley House 1 core was sampled to assess the profile of meteoric 10Be through the 
233 sedimentary sequence to understand potential variability in catchment erosion rates (e.g. 
234 Willenbring and von Blanckenburg, 2010). In this framework, higher concentrations of meteoric 10Be 
235 in the sediment could reflect slower basin-wide erosion rates if beryllium profiles are exponential as 
236 suggested by Willenbring and von Blanckenburg (2010). Eleven equally spaced samples were taken 
237 from the surface through to the base of the core at 5 m depth. We targeted clay lenses within the 
238 core in order to minimize grain-size effects. The samples were sieved to 63-90 μm before extracting 
239 the reactive 10Be using sequential leaching (Wittmann et al., 2012). Approximately 0.3 mg of 9Be 
240 carrier (VUW-PK2, derived from phenacite) was added to each sample. Beryllium was separated 
241 using standard methods (Norton et al., 2008). The 10Be/9Be ratios were measured relative to 
242 SRM4325 with a nominal ratio of 2.79+/-0.03*10-11 at GNS Science on the 0.5MV XCAMS accelerator. 
243 We used an assumed meteoric 10Be flux of 1.1x106 atoms/cm2/yr (Heikkila, 2007) and a sediment 
244 bulk density of 1.2 g/cm3 for our interpretations. 
245
246 3.5 Palaeoflood magnitude estimates
10
247 The relative magnitudes of palaeoflood events of the last two thousand years were based on the 
248 combination of flood unit grain size and their recurrence interval  over the length of record. 
249 Commonly deployed geochemical element ratios (cf. Jones et al., 2012; Fuller et al., 2018; Wilhelm 
250 et al., 2018b) were tested on laser diffraction grain-size measurements to identify a reliable 
251 geochemical proxy for variations in grain size. At Crowley House, the ratio between Zirconium and 
252 Rubidium (Zr/Rb) showed a good correlation with D50 grain-size measurements (r = 0.70, p < 0.01; 
253 Figure 3). As all research sites are located in the same region, this element ratio was also adopted to 
254 interpret variations in texture at Atene. All Zr/Rb data were detrended using a n=101 sample 
255 window to assess changes in the local  conditions (background sedimentation) that are not related 
256 to main river flood magnitudes; for example, vertical changes in river bed height  can directly 
257 influence the grain size of overbank deposition by raising (channel aggradation) or lowering (channel 
258 incision or entrenchment) flood levels of similar size events. The extent  of lateral channel 
259 movement at both Crowley House and Atene over the last 1800 years or so has been  very limited 
260 (probably not exceeding the current channel width of c.120 m, cf. Figure 1d), as the river channel is 
261 confined by valley sides and terraced Taupo Pumice Alluvium at these sites (cf. Figure 1d, e). For 
262 each stage of channel-infilling (section 4.1), the detrended Zr/Rb values were converted into Z-
263 scores ( ), providing a relative grain size of each flood unit in comparison to the surrounding 
𝑥 ‒ 𝜇
𝜎
264 matrix. The age-depth model provided the total elapsed time in each sedimentary phase and these 
265 periods were divided by the frequency of events exceeding a specific Z-score to derive a recurrence 
266 time for each flood (or coarse grained) unit.  
267
268 Figure 3
269
270
271 4. Results and Interpretation
272 4.1 Channel-fill facies and depositional phasing 
273 4.1.1 Atene
274 The channel-fill facies at the Atene site can be divided into three main phases on the basis of 
275 depositional style and bulk geochemistry (Figure 4). Lithofacies A between c. 6-9 m, lithofacies B 
276 between 1.75-6 m and lithofacies C between 0-1.75 m. Lithofacies A is characterised by organic-rich 
277 sandy sediments that were deposited between c. 2.0 and 1.7 ka BP (samples A11 to A7, Table 1). 
278 Accumulation rates were high averaging 29 mm/yr. Taking into consideration the uncertainty bands 
11
279 of the age-depth model, accumulation rates may have been even higher, and deposition of this unit 
280 may have occurred in less than a 100 years or perhaps even in a few decades . 
281 Lithofacies B mostly comprises silty clays with intercalated mm-cm thick units of fine sands. This is 
282 shown by the bulk geochemistry with a progressive decrease in Zr and Si concentrations, interrupted 
283 by sharp increases of these elements within sandy flood units, and relatively high levels of metallic 
284 elements (such as Iron (Fe), Copper (Cu), and Nickel (Ni)). Average accumulation rates were ca. 3 
285 mm/yr and this unit was deposited between 1.7-0.25 ka BP (samples A6a to A1, Table 1). 
286 Lithofacies C had higher sedimentation rates than lithofacies B with increased accumulation rates of 
287 ca. 7 mm/yr in the last few centuries (0.25-0 ka BP). Lithofacies C is not markedly different in texture 
288 from those in lithofacies A. However, increases in Aluminium (Al), Manganese (Mn) and Fe, that 
289 could be related to (weak) soil formation in this upper part of the core, and its more massive 
290 structure distinguishes it from underlying sediments.  
291
292 Figure 4
293
294 Rapidly deposited coarse-grained sediments are commonly found at the base of channel-fill 
295 sequences (Toonen et al., 2012). As a meander bend gets cut-off from the active channel that has 
296 created a new course, a partly open connection is often maintained, which promotes the diversion 
297 of flow and bedload sediments into the abandoned channel. The base of the channel-fill and lower 
298 few metres are dated immediately prior to the VEI-7 Hatepe eruption of the Taupo Volcano around 
299 1.7 ka BP (1718 ± 5 cal. yr BP) (Hogg et al., 2012). This suggests that the connection between the 
300 Atene valley and the active river was maintained until that event. Sedimentation of Taupo Pumice 
301 Alluvium subsequently plugged the ends of the Atene valley meander cutoff, disconnecting it from 
302 all but overbank flood flows. Taupo Pumice Alluvium was not present at the base of the Atene core, 
303 although it plugs both ends of the valley meander cutoff (Figure 5).
304
305 Lithofacies B represents the phase in which the abandoned channel was fully disconnected from 
306 active river flow, following plugging of the Atene valley meander cutoff by Taupo Pumice Alluvium. 
307 Sedimentation became limited to events that exceeded bankfull levels, reflected by lower  
308 sedimentation rates and a reduction in grain size. The increase in sedimentation rates in the upper 
309 part of the core (lithofacies  C) coincides with European colonisation of New Zealand since the 
310 beginning of the nineteenth century  that was associated with large-scale deforestation, increased 
12
311 catchment erosion and accelerated floodplain deposition (Beatson & Whelan, 1993). The bed of the 
312 Whanganui River incised during this period, and few, if any, main channel floods inundated the 
313 Atene site, including the June 2015 flood event. The geochemistry (increased Al, Mn and Fe) and 
314 more massive nature of sediments at the top of this core (Figure 4) indicate a greater contribution of 
315 more local sources, including very small tributary streams that flow into margins of the Atene valley 
316 meander cutoff. The sedimentary record of lithofacies C probably is best interpreted  as a record 
317 local precipitation intensities and runoff rather than one of exceptional main river floods. Although, 
318 there do appear to have been at least two major floods evident at c. 50 and 20 cm, which are picked 
319 out by high Z-scored texture and Zr/Rb ratios. These are likely to relate to large floods recorded in 
320 the Whanganui catchment during the second half of the 19th century and first decade of the 20th 
321 century, and may represent the last time that the Atene valley meander cutoff was inundated by 
322 floods generated by trunk river flow. Although these floods were smaller than June 2015 (cf. Figure 
323 2), trunk river incision in the last ca. 100 years may explain this scenario.
324
325 Figure 5. 
326
327 4.1.2 Crowley House
328 The Crowley House 1 core (CH1) (Fig. 6) provides a flood record for the last ~1000 years, based on a 
329 radiocarbon date at 4.7 m (Table 1). The lower part of the core is relatively sandy, and the upper ca. 
330 2 m fines upwards and grades into clays near the surface. The uppermost decimetre was deposited 
331 by the June 2015 flood - the core was collected in February 2016. In addition to the 2015 flood unit 
332 at the surface, several flood units can be observed in the lower half of the core with the largest 
333 Zr/Rb peak around 4.6 m, which lies 0.1 m above the radiocarbon date of 930-1060 cal. yr BP. 
334 Elevated concentrations of lead (Pb) resulting from modern pollution are found only in the upper 50 
335 cm of the core. 
336
337 10Be concentration in CH1 generally increases towards the surface (Figure 6). Willenbring and von 
338 Blanckenburg (2010) showed that meteoric 10Be concentrations in river sediments can be used to 
339 calculate basin-wide erosion rates if erosion is steady and 10Be decreases exponentially with depth. 
340 Following this interpretation, the increasing 10Be concentrations towards the surface at Crowley 
341 House would indicate an overall decrease in surface erosion during the past millennium. This seems 
342 unlikely as many authors have shown rapid increases in erosion rates in New Zealand upon human 
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343 arrival and land use intensification (e.g. Wilmshurst et al., 1999; Kettner et al., 2007; Richardson et 
344 al., 2014; Fuller et al., 2015). As demonstrated by Graly et al. (2010), many soil profiles globally 
345 display a marked increase in 10Be with depth as meteoric beryllium is concentrated in clay rich soil 
346 horizons. Graly et al. (2010) also note that this subsurface peak cannot be explained by grain-size 
347 effects. If the catchment soils here follow this trend, then a more likely explanation for the 10Be 
348 concentrations is that deforestation and agricultural intensification since the beginning of the 
349 nineteenth century has resulted in deeper erosion, accessing soil B-horizon material throughout the 
350 catchment. This interpretation could also be reflected in the overall reduction in grain-sizes 
351 delivered and the lower Zr/Rb ratios. We suggest that the relatively stable 10Be concentrations at 
352 depth in CH1 are indicative of the long-term basin-wide erosion rate of ~200-300 mm/kyr. Erosion 
353 rates at shallower depths would be faster, but not calculable since a steady state has been violated 
354 (Willenbring and von Blanckenburg, 2010). 
355
356 Crowley House 2 (CH2) is located on a terrace 1 m above the CH1 core site. This terrace was not 
357 inundated by flood water in June 2015.  The lower part of the core comprises fine sands (Fig. 6), and  
358 between 2-3 m depth deposits grade into silts, which extend to the modern surface. No radiometric 
359 dating is available for CH2. 
360
361 Figure 6. 
362
363
364 4.2 Palaeoflood and storminess records
365 Based on the age-depth model of sedimentation at Atene and its normalised Zr/Rb record , the 
366 relative magnitudes of flood units were estimated as a recurrence time (Figure 7). The frequency of 
367 overbank deposition changed over time in response to changing connectivity between the main 
368 channel of the Whanganui River and the Atene valley meander cutoff.  During the deposition of  
369 lithofacies A,  high connectivity and sedimentation rates enables reconstruction of events with a 
370 recurrence time of less than a decade. For lithofacies B, only events with a recurrence interval of 
371 more than 30 years were recorded. This suggests that the Atene valley meander cutoff was 
372 progressively disconnected from the Whanganui River, by both sedimentation in the cutoff and 
373 incision of the straightened channel at that time, with overbank sediments reaching this location 
374 only during rare high-magnitude events. When further incision and / or sedimentation of the 
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375 channel in the last centuries left the Atene site out of reach of Whanganui river floods, the sediment 
376 supply in the abandoned loop was primarily sourced from small tributaries that drain into the Atene 
377 valley meander cutoff. 
378
379 At ca. 5.8 m depth in the Atene core, coinciding with the transition of lithofacies A to lithofacies B, 
380 the largest by-proxy flood event appears (Figure 7, Table 2). The estimated recurrence time of this 
381 event exceeds 35,000 years, which obviously cannot be taken at face value, but does indicate a very 
382 rare and anomalous large flood. The age-depth model places this event to around AD 200 (1750 cal. 
383 yrs. BP), which is very close to the Taupo eruption of AD 232 (1718 ± 5 cal. yr BP Hogg et al., 2012). 
384 This indicates that immediately prior to, or even coincident with plugging of the Atene valley 
385 meander cutoff, an exceptionally large flood occurred in the lower Whanganui valley that deposited 
386 a very coarse flood unit at Atene.  This could have been a lahar or may reflect a catastrophic 
387 dambreak flood, either of which might explain the anomalous large grain size of these overbank 
388 deposits. The rest of lithofacies B shows a series of moderately-sized (multi-decadal) events and 
389 several large floods. These floods however were likely larger than the largest recorded flood in the 
390 Whanganui, which occurred in June 2015, gauged at 4755 m3s-1 with an 85 year annual recurrence 
391 interval (Blackwood and Bell, 2016). The next largest event in lithofacies B at 4.5 m is ranked second 
392 in the entire record, has a ca. 915-year recurrence and is dated to ca. AD 650 (1300 cal. yrs BP) 
393 (Table 2). Several events of ca. 250-yr recurrence are found at 4.3, 3.4, 3.1, and 1.8 m , with dates of 
394 ca. AD 725 (1225 cal. yrs BP), 1025 (925 cal. yrs BP), 1150 (800 cal. yrs BP), and 1600 (350 cal. yrs BP), 
395 respectively (Figure 7, Table 2). These events are likely also to be recorded downstream in core CH1 
396 (Figure 6), which records flooding in the lower Whanganui valley over the last thousand years or so. 
397 A major flood unit is evident just above the level that was dated to ca. AD 955 (930-1060 cal. yrs BP) 
398 (Figure 5), which would be consistent with a large flood event recorded at Atene at ca. AD 1025 (925 
399 cal. yrs BP). 
400 The recurrence interval for local runoff events in lithofacies C is based on relative grain size in the 
401 profile. As with estimating the magnitude of  floods in lithofacies A and B, it is assumed that the 
402 most intense precipitation and runoff contributed the coarsest sediments, with the additional 
403 possibility of  trunk river inundation. Two major events can be recognised in the upper metre of the 
404 Atene core, at depths of 0.2 and 0.5 m (Figure 7). The event at 0.2 m has an associated recurrence 
405 time of ca. 70 years and could relate to the last inundation of the cutoff by a flood of slightly smaller 
406 magnitude than June 2015 in the late 1800s or very early 1900s prior to disconnection by trunk river 
407 incision. At 0.5 m depth the event has an associated recurrence interval of ca. 240 years, so probably 
408 reflects either (i) very intense local precipitation and runoff or (ii) a very large flood from the trunk 
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409 river that inundated the cutoff in the early 1800s (Table 2). Further work at the site is needed to 
410 clarify these potential sources. 
411
412 Figure  7. 
413
414 Table 2. Overview of large (palaeo)flood events, as recorded at Atene.
415
Age BP (yrs) Estimated Date 
(AD)*
Depth 
(m)
Recurrence Time 
(yrs): (min) avg 
(max)
Remarks
50 (±50) ca. 1900 (past 
century)
0.2 (50) 70 (90) Major storm, last 
inundation?
150 (±50) ca. 1800 (first half 
19th century)
0.5 (170) 240 (320) Major storm and / or 
flood
350 (±25) 1600 1.8 (240) 250 (260)
800 (±25) 1150 3.1 (270) 280 (290)
925 (±25) 1025 3.4 (250) 260 (270)
1225 (±25) 725 4.3 (270) 280 (290)
1300 (±25) 650 4.5 (900) 930 (960) Landslide dam failure?
1700 (±25) ca. 200 5.8 >35,000 Extreme magnitude, 
landslide dam failure 
flood or lahar
1850 (±25) ca. 200 8.7 (120) 240 (350) Base of channel fill - 
magnitude 
overestimated?
416 *Note: single estimated dates are reported here, being derived from the age-depth model (Figure 4), 
417 and may deviate slightly from modelled radiocarbon dates (BP), based on our interpretation of 
418 fluvial processes that controlled the local accumulation rates at the top and base of the core. 
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419 Uncertainty margins on the reconstructed recurrence times of flood units is based on the 
420 uncertainty range of the age-depth model in the association phase of channel-fill deposition.  
421
422 4.3 Flood source regions
423 To identify variability in sediment source regions, and potentially different triggers for flooding, we 
424 used a Principal Component Analysis (PCA) on the XRF data to compare the geochemical fingerprint 
425 of flood units (Figure 8). The main factor identified in the PCA, that explains 20.5% of the observed 
426 variations in the geochemistry, is associated with Zn, K, Ti, Rb, and Zr (Figure 8). These elements  
427 commonly co-vary with variations in grain-size, as demonstrated for the Crowley House cores and in 
428 many other studies (e.g. Jones et al., 2012; Wilhelm et al., 2018b). The second main factor, which 
429 explains ca. 16.0% of the variance, is associated with Si and Al - and negatively with Fe. Al and Fe 
430 may be associated with soil material. 
431
432 Figure 8
433
434
435 5. Discussion
436 5.1 Flood activity and hydroclimate
437 One of the applications of palaeoflood analysis is to better understand the relationship between 
438 flooding and climate change  (Benito et al. 2015; Wilhelm et al., 2018b). To explore this in the 
439 Whanganui we compare the record of flooding in the catchment over the last 2000 years  with a 
440 range of regional and sub-hemispheric hydroclimate proxies (Figure 9). As a measure of flooding, we 
441 use the average occurrence of events that have recurrence time of more than 30 years, which is the 
442 lower threshold for flood unit sedimentation for lithofacies B at Atene. A flood activity curve 
443 identifies periods of increased and reduced flood occurrence and allows visual comparison with 
444 other hydroclimate proxy records. Periods with increased flooding in the Whanganui occurred at ca. 
445 1450-1125, 950, 650-500, and 400-325 cal. yr BP (Figure 9h). Eden and Page (1998) reconstructed 
446 storm frequencies at Lake Tutira in the eastern North Island over the past ca. 2000 yr, and periods of 
447 increased flooding in the Whanganui match episodes of enhanced storminess at Tutira (Figure 9e). In 
448 updated work, extending the Tutira record to cover the last 7200 yr, Page et al. (2010) report major 
449 periods of enhanced storminess between 500-700  and 1100-1250 cal. yr BP (cf. Figure 9e), which 
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450 match closely with two periods of increased flooding in the Whanganui catchment. The peak in 
451 storminess for the period of ca. 1850 – 2100 cal. yr BP documented at Tutira (Page et al., 2010) is not 
452 recorded in the Whanganui because of the very significant valley floor transformations that occurred 
453 as the result of the Taupo eruption. The otherwise consistent relationship between the Whanganui 
454 flood records, river activity elsewhere in the North Island (Figure 9g), and the record of storminess 
455 from Lake Tutira (Figure 9e) suggests these are reliable records and all responding to similar climate 
456 drivers at this scale. The correlation between the higher resolution lake record at Tutira with ENSO 
457 (Page et al., 2010), suggests ENSO may have been the principal control of the frequency of major 
458 floods in the Whanganui catchment during the past 2000 years. 
459
460 Figure 9
461
462 Looking farther afield, comparison with pan-Pacific records in South America shows some 
463 correspondence between reduced flood activity in the Whanganui with warm, dry episodes named 
464 Cipreses cycles (CC) (Moreno et al., 2018, Moreno et al., 2014) (Figure 9d). These episodes are 
465 interpreted to reflect changes in intensity and position of the Southern Hemisphere Westerly Winds 
466 (SHWW), where weakening of intensity and / or poleward shift (south) of the wind belt reduces 
467 storm frequency and intensity, resulting in warmer, drier conditions at centennial scales. Moreno et 
468 al. (2014) have related a wetter phase between AD 1890 and ca. AD 1300 as being 
469 contemporaneous with strongly negative anomalies in SAM inferred from tree ring data in 
470 Patagonia. The onset of this period at ca. AD 1350 coincides with a distinct period of increased flood 
471 activity in the Whanganui, which is not, however, as long-lived as the Patagonia wet-phase.  Lorrey 
472 et al. (2014) have argued that during the New Zealand Little Ice Age (AD ~1450-1850) the generally 
473 cooler, wetter climate of this time was produced by a combination of weak El Niño and negative 
474 SAM conditions in the region, which is consistent with observations in Patagonia and flood activity in 
475 the Whanganui. The pan-Pacific record that perhaps shows most consistency with phases in 
476 Whanganui flood activity is the record of El Niño events from the Galapagos (Conroy et al., 2008) 
477 (Figure 9c). This shows periods of increased flooding in the Whanganui during La Niña-dominated 
478 phases, as was also found in the Lake Tutira record (Page et al., 2010).  Subtropical storms and ex-
479 tropical cyclones, and / or more slow-moving low pressure systems associated with blocking synoptic 
480 conditions (cf. Kidson 2000; Griffiths 2011), which occur  more frequently during La Niña  events, 
481 appear to be important flood generators in the Whanganui over multi-centennial and longer time 
482 periods. The Whanganui catchment, situated mid- and west-North Island is likely to be subject to 
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483 both westerly storms during enhanced SHWW periods, El Niño events, negative SAM (cf. Li and 
484 McGregor, 2017) and subtropical cyclones during La Niña events and positive SAM.  
485
486 5.2 Flood source regions
487 In addition to floods resulting from major storms, it is feasible that large floods in the Whanganui 
488 catchment could also be generated by breaching of landslide dams emplaced as a consequence of 
489 deep-seated landslides in the narrow valley, potentially triggered by seismic activity. Large, deep-
490 seated landslides within the catchment were certainly reported in 1838 and 1843 following large 
491 (Mw 6-7 and Mw 7.5 respectively) earthquakes (Crozier and Pillans, 1991) and anecdotal evidence has 
492 reported blockage of the river by a large landslide around this time (Watson, personal 
493 communication 2017). Furthermore, based on relative dating of landslides in the region, Crozier et 
494 al. (1995) postulated the existence of a large landslide-producing event around 1300 yr BP, which 
495 appears to coincide with the second largest single flood recorded in the Atene record (Table 2).  
496 Figure 10 shows an example of landslide debris (presently undated) that blocked the Whanganui 
497 valley c. 3 km downstream of Atene. Lahars from Mt. Ruapehu may also be routed into the upper 
498 catchment, although these are likely to be attenuated by the time they reach the lower reaches of 
499 the Whanganui catchment. No large-scale lahar or volcanic mass flow has been routed down the 
500 Whanganui from Ruapehu or the Volcanic Plateau as a whole since the Taupo event of AD 232 (Tost 
501 and Cronin, 2016).
502
503 Figure 10
504   
505 Based on the results of the PCA (Figure 8), the overall similarity in geochemistry of flood units 
506 suggests that no discrete (sub)catchment sources can be identified for most flood events. 
507 Nonetheless, the largest flood of the Whanganui palaeoflood record appears anomalous. The event 
508 is unique in terms of its coarseness (based on the Zr/Rb ratio), but also has extremely high levels of 
509 S, Y, P, Cu, and Ca (Figure 8). These elements are located on the opposite side of the PCA spectrum 
510 from those elements that are used as grain-size indicators. The event dated to ca. AD 200 (±25) 
511 occurred just before the Taupo Eruption and its geochemical composition (e.g. depletion of K) 
512 indicates that these sediments are not of direct volcanic origin, which might rule out a lahar origin. 
513 Our preliminary interpretation of this unusual flood is that one or more landslides may have blocked 
514 the Whanganui gorge upstream and produced a large release-type event when the dam(s) was 
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515 (were) breached. The timing of this anomalous flood is though so close to the Taupo AD 232 event 
516 that some association with this disturbance would seem reasonable. A scenario is envisaged 
517 whereby the seismic shaking of the region by the Taupo eruption potentially triggered (multiple) 
518 landslide dams, which subsequently breached. This may then have been followed by plugging of the 
519 Atene meander cutoff by rafts of pumice as volcanogenic material was reworked down the river 
520 system as the valley floor was reset by the injection of this Taupo alluvium (cf. Manville et al., 2009). 
521 More work is required to resolve this chain of events and test this preliminary interpretation.
522
523 5.3 Comparison with Manawatu and flood risk assessments
524 The Whanganui flood series represents a significant advance in palaeoflood analysis in New Zealand 
525 by reconstructing for the first time an event-scale flood record over the last 2000 years and relating 
526 flood occurrence to regional climate variability. There is however a striking difference between our 
527 recent findings in the nearby Manawatu catchment (Fuller et al. 2018) and the Whanganui flood 
528 record in terms of the frequency of large flood events. The largest flood event in the Manawatu was 
529 observed in AD 1857 and grain-size analysis from multiple palaeochannel sites suggested this was 
530 the largest flood in the ca. 3000-year record (Fuller et al., 2018). The Whanganui palaeoflood record 
531 shows conversely that prior to the 19th century there were many events which exceeded both 
532 observed and gauged floods in the catchment that have occurred since 1858. One very important 
533 implication of this new evidence for flood risk assessment in the Whanganui catchment is that 
534 reliance solely on gauged records will inevitably underestimate both the magnitude and frequency 
535 of damaging large floods such as the June 2015 event. Furthermore, with evidence that some of the 
536 largest storm-driven floods in the Whanganui River are associated with La Niña-type climate phases, 
537 warming of the adjacent Tasman Sea and western Pacific Ocean are likely to increase storm intensity 
538 from this sector of the Pacific. Finally, the recognition that probably the largest flood in the 
539 Whanganui during the last 2000 years was generated by the probable failure of landslide dam that 
540 blocked the Whanganui gorge ca. AD 200, poses a real problem for flood risk management as the 
541 occurrence and impact of these types of events are notoriously difficult to predict. 
542
543 6. Conclusion
544 Flooding in the Whanganui catchment over the last 2000 years have been reconstructed from a 
545 unique valley meander cutoff at  Atene, covering a period of time  just prior to the transformation of 
546 the valley floor by the ca. AD 232 Taupo eruption. This is the first multi-millennial, event-scale record 
547 of river flooding in New Zealand and most importantly  demonstrates the occurrence of several very 
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548 large flood events prior to the 19th century that exceed the magnitude of floods gauged or observed 
549 to date. It is likely that the largest of these floods was caused by breaching of a landslide dam around 
550 AD 200 that temporarily blocked the Whanganui gorge. ENSO variability (modulated by SAM) 
551 appears to be the principal climatic driver of floods in the Whanganui catchment during the last 
552 ~2000 years with multi-centennial length episodes of increased flooding associated with La Niña-
553 type climate phases. In the context of predicted climate change, with intensification of the 
554 hydrological cycle and storm activity, it is very likely that future floods in the Whanganui River will 
555 exceed the magnitude of floods recorded and observed to date. This conclusion has important 
556 implications for catchment and hazard managers , who also need to be aware that large and 
557 damaging floods in the Whanganui, and elsewhere in New Zealand, are controlled by a complex 
558 range  of factors, including hydroclimate variability, seismic-generated landslides, and land use.
559
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774
775 Figure Captions
776 Figure 1. (a) Whanganui catchment location within New Zealand, shaded black; (b) hillshade DEM of 
777 the Whanganui catchment, with the main stem of the Whanganui River identified showing locations 
778 of sample sites, gauging site at Te Rewa, Lake Taupo, the approximate extent of ignimbrite emplaced 
779 in the ca. AD 232 eruption (white dashed line) from Manville et al. (2009), and approximate extent of 
780 Whanganui Gorge (black dashed line alongside river); (c) contemporary land cover in the catchment;  
781 (d) core location at  Crowley House (1 & 2) shown on a LiDAR-DEM (LiDAR supplied by Horizons 
782 Regional Council): the yellow surfaces represent relatively high Taupo terrace levels, core locations 
783 are marked by the dots.; (e) core location at Atene; (f) Whanganui Gorge for context; (g) annotated 
784 photograph of Atene coring site; (h) annotated photograph of Crowley House coring site; (i) 
785 annotated photograph of valley meander cutoff neck at Atene for context. 
786 Figure 2. Annual peak discharge record from Te Rewa gauging station (AD 1958-2015), and 
787 estimated historical flood discharges (before AD 1958) from stage information at Whanganui City. 
788 Source: Horizons Regional Council, personal communication. 
789 Figure 3. Correlation between the D50 of grain-size measurements and the Zr/Rb ratio; composite 
790 data from both Crowley House sites.
791 Figure 4. Age-depth model (for individual dates see Table 1), general lithology and XRF geochemistry 
792 measurements (cps = counts per second) of the Atene core.
793 Figure 5. Taupo Pumice Alluvium plug at end of Atene valley meander cutoff. 
794 Figure 6. Crowley House cores; left frame Crowley House 1 (CH1), right frame Crowley House 2 
795 (CH2). Main lithological trends and variations in coarseness (Zr/Rb ratio) are shown. Both cores have 
796 modern Lead (Pb) contamination in the upper parts. The Zr/Rb peak in the top of CH1 is related to 
797 the deposits of the 2015 flood (inset photo, lighter colouring). A depth of a single AMS radiocarbon 
798 date in CH1 is indicated by the diamond (and calibrated date). Meteoric 10Be concentration and 
799 indicative erosion rates for the Crowley House core. The erosion rates are calculated assuming a 10Be 
800 flux of 1.1x106 atoms/cm2/yr and a sediment density of 1.2 g/cm3 following Willenbring and von 
801 Blanckenburg (2010). Interpreted zones of surface and deep erosion are based on the assumption of 
802 a subsurface peak in 10Be concentrations (e.g. Graly et al., 2010).  
26
803 Figure  7. Left frame: Atene Zr/Rb ratios (left) with the moving window (n=101) that was used for 
804 detrending. Middle frame: detrended and normalised (Z-scored) grain-size information. Right frame: 
805 palaeoflood chronology (Lithofacies A and B), and storminess (Lithofacies C) with a calculated 
806 recurrence time for each event layer. The variations in the magnitude threshold for event 
807 registration is shaded in grey (i.e. no floods recorded in this domain); corresponding with the 
808 zonation in general lithology and changes in local setting. 
809 Figure 8. Principal component analysis (PCA) of the Atene XRF data (left frame), and anomalous 
810 geochemistry of the large ca. AD 200 flood, found at c. 5.8 m core depth (shaded in grey, right 
811 frame). Elements with extremely low counts at the level of the event are in the PCA marked by 
812 square symbols, extremely high counts are marked by diamond symbols.
813 Figure 9. Comparison of (hydro)climatic records: (A) Total Solar Irradiance curve (Bard et al., 2000); 
814 (B) Southern Annular Mode (SAM) index (70-yr filtered; Abram et al., 2014); (C) Frequency of El-Niño 
815 events from the Galapagos Islands (Conroy et al., 2008); (D) Patagonian drought indices - charcoal 
816 densities (curve) and Cipreses dry phases (horizontal grey bars; Moreno et al., 2014); (E) Lake Tutira 
817 storminess (NE of North Island in New Zealand) index curve (Eden and Page, 1998) and phases 
818 (horizontal grey bars) of increased storm occurrence (Page et al., 2010); (F) Antarctica EPICA Dome C 
819 ice core temperature anomalies (Masson-Delmotte et al., 2004), averaged per century as an 
820 indicator for SAM strength (after Gomez et al., 2012); (G) Probability distribution based on 'activity' 
821 dates for fluvial environments on Northland, New Zealand (Richardson et al., 2014); (H) Flood 
822 activity of the Whanganui River, based on the frequency of large events (>30-yr recurrence time), 
823 averaged over a moving 150-yr window (this study). Periods of prolonged above-average Whanganui 
824 flood occurrence are shaded in grey in the background.  
825 Figure 10.  Historic landslide deposits on the valley floor near Atene (downstream), labelled 
826 undulating hummocky topography is attributed to landslide debris.
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